The dynamics of a one-dimensional self-gravitating medium, with initial density almost uniform is considered. An explicit solution of the hydrodynamics equations with background is derived. Numerical experiments looking at the clustering tendency, both for ordered and random initial conditions, are performed. The phase space portraits are shown to be qualitatively similar to shock waves. The PDF of the mass distribution is investigated.
Introduction
In this paper we study the dynamics of a self-gravitating medium, the initial density of which is almost homogeneous, and of which the initial velocities of all fluid particles are small.
The study is performed in one spatial dimension where gravitational force is a Lagrangian invariant. The equations of motion for the density and velocity perturbations can therefore be written in such a way that the net acceleration of fluid particles are Lagrangian quasi-invariant, if the perturbations are represented as discrete mass points moving on a stationary and uniform background. This system of particles is then brought forward in discrete time steps from one collision to the next, which permits the construction of an exact (up to round-off errors) and fast numerical integration scheme.
We will show that the structures that emerge on a uniform and homogeneous background are qualitatively different from those without the background. The phase space portraits consist of smooth one-stream intervals and short intervals with multi-stream solutions and high mass concentration. Spiral structures in phase space, like in Jeans-Vlasov-Poisson dynamics without background, are not observed. In other words the solutions we find are qualitatively similar to the shock wave structure of zero-pressure gas dynamics, with some additional micro-structure inside the shocks.
We believe that these results are interesting in themselves, both from the numerical and algorithmic point of view, and because they demonstrate a qualitative change in the solutions including an almost trivial term, which seems nevertheless often to have been neglected.
One reason to concentrate on the one-dimensional case is that we study also the dynamics starting from initial conditions that are Gaussian random fields. We are then interested in the development at late times, when the instability is well into the non-linear regime, and of statistical properties of these solutions. In particular, we will look into the mass distribution, the clustering tendency, and how these characteristics change with the ensemble of initial conditions. To get good statistics and a wide range of scales, while still resolving fully and exactly all details of the motion, the one-dimensional case is then preferable to two-or three-dimensional simulations.
The motivation to study gravitational dynamics with such random initial conditions is that this is the standard model of structure-formation in the early universe, see [27, 20, 29] . We will return to a discussion of background material in cosmology in section 2..
Approximation-free simulations of gravitational collapse in large systems are interesting in their own right. A precise understanding, be it of a one-dimensional world, can serve as a check on qualitative reasoning, or of other simulations, the errors of which are not equally well under control. In a one-dimensional world we can resolve a much larger range of scales, and this may be particularly important when the initial conditions also contain such a wide range of scales. The Gaussian random fields used in cosmological models are just of this type. We will show that gravitational collapse leads to accentuated mass concentrations, and to velocity fields similar to shock waves. In contrast, it is well known in the literature that without the background spiral phase-space structures are formed, see e.g. the mathematical investigations [15, 21] .
A second reason for a detailed study of one-dimensional case is that, in general position, gravitational collapse accentuates asymmetries in the velocity and density fields. The first structures to form are blinis or pancakes, thin in one direction and of large extent in the two others. What we study can then be pictured as the one-dimensional dynamics of very large blinis, oriented parallel to one another and colliding and merging when moving under their mutual gravitational attraction. For very long times the tree-dimensional nature of the motion is no doubt important, but for some time after the first blinis form, the one-dimensional approximation should be appropriate. This point has recently been extensively discussed in [26] , in the context of the adhesion approximation. The onedimensional model can hence perhaps also give a quantitatively correct description of the clustering of mass as function of time as long as we consider the largest structures at every moment of time.
This paper is organized as follows. In section 2 we summarize standard material in Cosmology, and discuss in some detail recent observational data on the anisotropies of the cosmic microwave background radiation. Although observations detecting such anisotropies began only in the early 90ies, the field has already been the object of extensive investigations, and our goal here is mainly only to provide entry points to the relevant literature. In section 3 we write down our model equations and present the numerical algorithm we use. In section 4 we study the dynamics starting from ordered and random initial conditions, and in section 5 we investigate the problem of mass distribution. In section 6 we sum up and discuss our results.
The cosmological and observational setting
In our immediate neighborhood today, the universe is neither homogeneous nor isotropic. Sources of electro-magnetic radiation in any frequency band are distributed in a markedly random and clustered manner over the sky. On the other hand, at large scales the universe is generally taken to be homogeneous and isotropic. The hypothesis of an early almost homogeneous and isotropic state of the universe rests on that it agrees with the whole body of theory of the hot Big Bang, and with the observed 3K black-body background radiation. It is therefore natural and standard to assume that the structures observed today are due to instabilities in an initially almost homogeneous self-gravitating medium [27, 20, 29] .
The study of such instabilities has a long pre-history, going back already to Newton [16] . The first quantitative investigation of the instability in a static medium with non-zero pressure was performed by Jeans [10] , who derived his famous formula that perturbations of wave-length larger than λ J = v s π/Gρ are unstable, where v s is the sound speed, G the gravitational constant and ρ the density. Such perturbations hence grow exponentially in time (in the Jeans theory), while perturbations of smaller wavelength oscillate and do not grow. The Jeans length can be related to a Jeans mass of M J = 4π 3 ρλ 3 J . In an almost homogeneous gas, regions of increased density with mass larger than the Jeans mass collapse gravitationally, while concentrations of smaller mass oscillate acoustically.
It is an evident fact that Jeans' analysis is not correct as it stands. Since a sufficiently large mass will always be unstable, the unperturbed state assumed in the Jeans formula, an infinite self-gravitating medium with gravitational self-interaction and constant density, cannot exist in classical physics. On the other hand, in general relativity the Friedmann solutions to the Einstein equations describe unbounded universes with spatially constant density. These solutions are given in terms of a cosmological length scale a, which changes with cosmological time t. On sufficiently small length scales (much less than a), and on sufficiently short time-scales (faster than ȧ a ) general relativity is well approximated by Newtonian gravity, and Jeans' analysis is hence well-founded in this way.
The linear theory of small perturbations around the Friedmann solutions in general relativity was developed by Lifshitz, and is described in detail in Weinberg [27] and Zeldovich & Novikov [29] . If we assume a hydrodynamic description of the matter fields, the perturbations can be classified as scalar, vector and tensor. The last ones correspond to gravitational waves, which have no counterpart in the classical theory, and will be left aside in the following analysis.
Although the relevant calculations are involved, to a considerable degree the results can simply be described by introducing the co-moving wavelength
Then the perturbations in density and proper velocity (scalar and vector perturbations) grow as
where λ k (q, t) is the instantaneous growth rate in the Jeans theory of wave-vector q at time t, and k labels the linear modes. Equation (2) does not agree completely with Lifshitz' full solution, but is quite close in standard cosmological models. For an extended and complete discussion, see [29] . The linear modes can be classified into decaying modes, which are fields of incompressible proper velocities, and growing modes, which are linear combinations of density modes and potential proper velocities. If a mode actually grows or decays at time t also depends on whether the co-moving wave-length is smaller or greater than the instantaneous Jeans length. On sufficiently large scales, the perturbations surviving the linear regime are coupled density and potential proper velocity fluctuations.
The outcome of these considerations is that at length scales much smaller then the radius of the Universe structure formation, as long as the solutions are single-stream, is governed by the following system of equations:
We have here assumed that there are no relic gravitational waves (no tensor perturbations). We also assume that initial rotational proper velocity fluctuations have been damped out by linear decay, such that − → u is a potential field at some time t 0 . ψ is the gravitational potential generated by the source ρ − ρ b . We note that ρ − ρ b can be both negative and positive, and is zero on average. On short time scales we can take a constant, and by a change of scale we can set it equal to one. On the kinetic level the system is then described by the following Jeans-Vlasov-Poisson equation, valid also after caustic formation:
The initial conditions of equations (3) and (4) can be taken to be the fluctuations at some stage of linear growth. It is a remarkable fact that the fluctuations at one particular time during linear growth are in fact observable in the fluctuations of the 3K blackbody background radiation [18, 19, 25, 11] . At red-shift z ≃ 1000 (age of the Universe 10 5 years), photons fell out of thermal equilibrium with electrons and nuclei; what is observed today as 3K black body radiation is the red-shifted spectrum of photons that were in equilibrium with matter at that time. COBE observations measure the temperature of the blackbody radiation with a beam width of 7 o , and detect mean square variations of about 30µK (one part in 10 5 ). Laid out in the sky, COBE can thus be said to distinguish a spherical grid of 50 × 50 patches, i.e. a decade and a half in each direction [25, 3, 11] . Over this range observations are in agreement with the Harrison-Zeldovich prediction of Gaussian initial density fluctuations with spectrum:
with n ≃ 1. Experiments in the near future (MAP, Planck Surveyor) are expected to increase the angular resolution by more than one order of magnitude. A causally connected region at z ≃ 1000 today subtends an angle of about 1 o in the sky. Acoustic oscillations in the electron-photon plasma up to 10 5 years are expected to modify the spatial structure of primordial fluctuations, in ways which depend on the details of the cosmological model. Initial conditions of type (5) will therefore perhaps have to be modified on smaller scales to be fully relevant to cosmology. In this paper we will stick to initial conditions described by (5) and assume that they remain valid on some range of scales smaller than what can be observed today.
The generalized Zeldovich solution: a Lagrangian integrable model
We now turn to a Lagrangian integration scheme where initial mass density ρ is concentrated on a discrete set of particles. The physical interpretation of such particles is that of localized perturbations on a constant background. From the Lagrangian evolution of the perturbations one may take all the masses to be small and extrapolate the continuum limit, i.e. the solutions of the kinetic equations (4) for an initially continuous mass density. We will also from now on take space one-dimensional and the cosmological scale a equal to one. The mass density distribution corresponding to a system of point-like particles is specified by:
We will require that the average density of the point-mass system is the same as the background density, i.e.
Furthermore, we will require that the perturbation is localized in a weak sense. As L tends to infinity the measure of the point masses in [L, L + 1] tends to the uniform measure in the same interval, with convergence faster than 1 L 2 . This simply means that at infinity all the masses m k and the distances between them will go to zero sufficiently fast such that the measure (6) approximates the uniform measure ρ b . The one-dimensional gravitational potential is formally given by
With the initial conditions under consideration the integral is convergent at infinity, because if |x − y| ∼ L then, by assumption,
The equations of motion of the point masses arë
with initial conditions x k | t=0 = x k (0) andẋ k | t=0 = u 0 (x k (0)). Equation (10) expresses that the force acting on particle k is equal to the difference of net mass, in excess of the background, to the right and to the left of that particle. We now want to transform (10) to another system, not explicitly of second-order, but which allows for a fast integration scheme. The acceleration acting on point mass k at the initial time is
From (10) follows that as long as no other particle overtakes particle k we have the simple evolution laẅ
When particle l overtakes particle k, the gravitational force acting between them changes sign. We may therefore write the equations of motion at an arbitrary time t as
Equation (13) is not in the form of a second-order system. Superficially, it seems to indicate a path-dependent force field. However, since it is derived from (10), really it does describe a second-order system, only written in an unusual way. The utility of (13) is that the equations can now be integrated analytically between two collisions. For simplicity we will set ρ b equal to one and G equal to 1 4 . The mapping from one collision to the next is then
whereẋ k (t i coll ) and a k (t i coll ) are the velocity and the acceleration felt by the k'th particle at the preceding collision.
Numerical scheme
The knowledge of the explicit form of the solutions of (9) between two collisions allows for a fast numerical algorithm based on a "event-driven dynamics" scheme. A simple version of the algorithm looks for the particles which collide first and for the time when this event occurs. The latter operation is performed by solving numerically N − 1 second order polynomial equations in the exponential of the collision time. Then the algorithm lets the system evolve until that time. Finally it computes the new gravitational interaction among the particles emerging from the collision. The total number of operations in this version is O(N) from one collision to the next. We note that an asymptotically more efficient implementation of the algorithm is possible, with an operation count of O(ln N) per collision [17, 1] .
Time t elapsed from initial perturbation of the background is measured by the sum of the collision times up to the last event. This is an intrinsic quantity which specifies the state of evolution of the system. Another quantity is the number of collisions N coll (t), which is a measure of the needed computer time.
As a preliminary we consider free-streaming motion. When there is no gravitational interaction, and no adhesion, velocity is a Lagrangian invariant. This means that v(
is the Lagrangian coordinate corresponding to Eulerian coordinate x. Hence the graph of v(x, t) versus the linearly transformed coordinate x − (t − t 0 )v(x, t) is identical to the graph of initial velocity v(a, t 0 ) versus initial position a. The graph of v(x, t) versus x is therefore a linearly skewed copy of v(a, t 0 ) versus a. As far as the gravitational field has not had time to act, one would expect the same qualitative picture in our model, but if there has been sufficiently many collisions and gravitation has significantly modified the velocities of the particles, then the graph of v(x, t) versus x will no longer be only linearly related to v(a, t 0 ) versus a.
We first discuss the self-gravitating system with ordered initial conditions: to each particle is attributed an initial velocity which is a smooth function of position. For such initial conditions there is wide agreement in the literature that without the background the system evolves into spiral-like structures in phase space. (see e.g. [8] ). Here we present clear evidence that this is not true with the background. On the contrary, the phase space distribution has a striking similarity with the "gravitational sticking" conjectured in [22] . In Fig. 1 we show results on the formation of a multi-stream solution, which is qualitatively what would expect also for a free-streaming motion [22, 21] . In Fig. 2 we show results with a initial velocity field a superposition of two sines (right insert) some time after the solution has turned multi-stream. At this time the velocity field v(x, t) versus x looks still qualitatively a bit similar to v(a, t 0 ) versus a. However, looking more closely it is clear that the relation between the two is not simply a linear distortion. The "middle wiggle" has gained in amplitude relative to the two sides, because the two sides, having overtaken a large part of the mass in the middle, are now attracted to the mass overtaken, and thus retarded in their further motion. Following the system forwards in time (figures not shown), one also sees that the phase-space density curve continues to wiggle back and forth. Spirals do not form.
We now turn to random conditions. We made three different choices of velocity as function of spatial position: Brownian motion; fractional Brownian motion with Hurst exponent equal to zero, and white noise. All three are random Gaussian fields with power law spectra as in eq. (5). In particular, the choice of an Hurst exponent equal to zero corresponds to the Harrison-Zeldovich spectrum for the density perturbations [9, 28] , and will in our context be referred to as HZ initial conditions. Fractional Brownian fields are conveniently generated in the Fourier space representation. At time t = 0 particles are uniformly distributed on an interval of size L with unit spacing ∆x = L/N and velocity
The sum over k extends from −π / ∆x to π / ∆x in steps of 2 π / L and v −k = v * k in order to the x-space field to be real. The Fourier components of positive k are then chosen as a random Gaussian independent variables with variances:
The field generated by (15) and (16) will be periodic with period L. On length scales Figure 2 : The velocity and acceleration fields for initial conditions given by the superposition of two sine functions with equal weights. Note that the acceleration field is single-stream but not smooth, while the velocity field is smooth but multi-stream. The insert displays the initial conditions. much less than L it will have stationary increments if h ∈ [0, 1[, and approximate, on these scales, a Fractional Brownian motion on the entire line. The case h equal to one half corresponds to standard Brownian motion as function of the spatial coordinate.
If the Hurst exponent becomes smaller then zero the variance is integrable in the infrared and the random field is homogeneous; h equal to minus one half corresponds to white noise. The HZ initial condition, with Hurst exponent equal to zero, is an intermediate case when the integral of the kinetic energy spectrum is affected both by infra-red and ultraviolet divergences, and therefore often referred to as "scale-free". In figures 3 and 4 the phase space structures at late times, for Brownian initial conditions, are displayed. The appearance of gravitational sticking is evident. The numerics also displays convergence with increasing N to a continuum limit (figures 4 and 5).
The situation turned out to be less clear-cut with a lower Hurst exponent. We fixed the number of collision to N coll = 10 7 , as in the Brownian case: the resulting velocity fields ( figure 6 and figure 7 ) look more like tilted copies of the initial conditions. As discussed above, this is what one would expect from free-streaming motion, with no gravitational interaction.
We will try to understand this phenomenon by comparing white noise and Brownian motion initial data in free-streaming motion. Let us consider a particle initially at position a with velocity v 0 (a). In time t, in free-streaming motion, it will move a distance tv 0 (a). On the average, the net number of particles it overtakes will be ρtv 0 (a)/m, where ρ is the density per unit length and m is the mass of each particle. On the other hand, the particle will also pass by the background, to an amount which is precisely ρtv 0 (a). In (13) the gravitational forces from the background and the overtaken particles come with different signs, and cancel in the mean with white noise initial conditions. The net gravitational force acquired is hence proportional to the fluctuations in the number of particles overtaken from their mean value, and therefore grows only as √ t. In numerical experiments this must of course be compared with the number of collisions, which grows linearly with t.
In the Brownian motion case a particle starting at a with velocity v 0 (a) also moves a distance tv 0 (a) (in free-streaming motion) and passes over the corresponding amount of background. A particle at a 1 is now however passed over if t (v 0 (a) − v 0 (a 1 )) > (a 1 − a). Since v 0 (a) − v 0 (a 1 ) is similar in law to √ a 1 − a this means that the number of particles overtaken grow as t 2 . Since there is no cancellation with the background, which grows more slowly, the intrinsic time for the development of the gravitational instability is proportional to the number of collisions. Although direct argument are not equally elementary, since the HZ spectrum does not lead to a Markov process, it is natural to assume that the HZ case is intermediate.
We looked at PDF of the inter-particle distances at different times. In the Browian case, for large intrinsic times (t ∼ O(10 −1 )) the distribution contains an intermediate region which is well approximated over about two decades by a stretched exponential of power one half (figure 8) HZ and white noise initial conditions display different PDF's. For all accessible times, which, as discussed above, are perhaps intrinsically not very long, we observed a pure exponential decay of the PDF (figures 9 and 10). Figure 4 : The velocity field for a different realization of Brownian motion initial condition (rectangle on the right). The result is presented for N = 16 × 10 3 at an intrinsic time t = 0.77 corresponding to N × 10 6 collisions. The tiny solid line is the single-streamed acceleration field. The squared line is the velocity field for t = 0.83 and N = 5 × 10 3 particles. It can almost be superimposed on the field for N = 16 × 10 3 particles, the small time difference notwithstanding. 
Mass analysis
Qualitatively the velocity field recalls the results obtained in the framework of the adhesion model [7, 26, 2] . There ramp-like structures there separate shock regions where fully inelastic collisions among the Lagrangian particles occur. It is interesting to introduce a quantitative characterization of the mass distribution in order to compare the two models.
There exist rigorous analytical results for the Burgers equation [24, 2] proving that the inverse Lagrangian map presents a bifractality (phase transition) similar to that of the Devil's staircase for the standard triadic Cantor set. The particle dynamics introduced in the present paper is conservative, the solutions of which gives the direct Lagrangian map describing the particle positions at time t. Multifractal analysis suggests to characterize it by means of the moments
where l is the length of the coarse-graining mesh, B is the number of boxes in the mesh, and L = Bl. In figure 11 the local scaling exponent τ = τ (q, l) is displayed versus l for Brownian initial conditions. The distance between two nonzero values of the discrete mass density is determined by the particle dynamics and not by a fixed numerical mesh. For small l (l ≥ O(10 −4 )) the local scaling exponent tends to a spurious linear-in-q behavior violating the constraint τ (q = 0) = 0 imposed by its very definition. On the other hand, if one assumes in the spirit of [2] that the physical behaviour at low q is captured by the value of the local scaling exponent at the smallest separation l not affected by the spurious scaling, one finds from the numerical fit
Plateaux are still observed for q ranging between one and three halves. Most of the contributions to moments of order q larger than one come from regions of higher density. In the adhesion model these moments saturate at one, since the higher-density regions are then in fact points, the Eulerian shock positions. In our numerics we do not observe saturation, but instead further growth of the τ (q)'s with a smaller slope, which would suggest a statistical description of the microstructure produced by the conservative dynamics inside the macroscopic shocks. The numerics is however not quite conclusive, and statistics at this point is not good enough to permit a firm statement on the true dependence of τ (q) on q for values of q beyond one. A quantitative characterization of the mass distribution which turns out to be more robust versus the artifacts of the discrete nature of the Lagrangian dynamics is the mass octave function (MOF), i.e. the probability to find a non zero contribution to the mass density as function of the mass itself, coarse-grained in octaves. The MOF measures the degree of dishomogeneity of a probability distribution: in terms of the MOF an uniform distribution corresponds to a logarithmic histogram with only one non-zero entry. We considered the average of the MOF over ten thousand realizations of the initial conditions, using N = 16 × 10 3 Lagrangian particles, and different bin lengths l of the coarse-grained spatial mass distribution. To correct for the discrete-in-time nature of the Lagrangian integration scheme (and the collision events), averaging was performed both over initial conditions, and over a short time window around a chosen observation time. Figure 12 shows the MOF for Brownian initial velocities. It remains concentrated over two octaves for different values of the spatial coarse-graining l. This is our best evidence that the mass distribution with Brownian initial velocities is not monofractal, but has some nontrivial behaviour. We remark that already for l ≤ O(10 −4 ) numerical artifacts are visible, the MOF receives small non-zero contributions over more than two octaves, which limits our resolution to not very small values of l. Also for the HZ and white noise initial conditions the MOF analysis suggests a non-trivial, possibly bifractal, behaviour, see figures 13 and 14.
Discussion
Observed structures in our universe are believed to have been caused by gravitational instabilities in an initially almost homogeneous medium. The temperature fluctuations of the Cosmic Microwave Background radiation give observational input on the primordial density and proper velocity fluctuations which seeded these structures. The currently available data are well described by a Harrison-Zeldovich scale-free spectrum.
The problem of structure formation by nonlinear deterministic evolution equations, acting on random initial conditions, is a topic of much current interest, particularly in the context of Burgers' turbulence, where progress has been made using the special integrability properties of Burgers' equation. In this paper we have investigated, in this spirit, the dynamics of a one-dimensional self-gravitating medium. We remark that one of the applications of Burgers' equation is to describe structure formation in the universe, in the adhesion approximation. The self-gravitating system provides a more complete description, mainly only neglecting pressure effects, which should be correct on sufficiently large scales. Therefore, it is of interest to understand how different are the solutions to Burgers' equation and self-gravitating systems starting from the same initial data. It is also of interest to compare the self-gravitating system with simply free-streaming motion.
The problem is not to determine if these three models (free-streaming motion, Burgers' equation, self-gravitating system) are equivalent or closely similar in general: they are not. The problem is to compare the three with specific initial conditions suggested by cosmology. We have focused on Gaussian random fields with scaling spectrum, of the type originally suggested by Harrison and Zeldovich, not taking into account predicted, but at present unobserved, corrections to these spectra from acoustic standing waves in the early universe. The main obstacle to a detailed comparison is then to solve numerically the self-gravitating system, since free-streaming motion is solved directly, and Burgers' equation with the Hopf-Cole transformation. In one spatial dimension we have constructed a reasonably efficient numerical algorithm, using a special Lagrangian quasi-invariance of the gravitational force between particle collisions.
A proper formulation of the self-gravitating system demands a background, the average Figure 11 : Local scaling exponent obtained as the logarithmic derivative of M(q, l) versus l for t = 0.77 for N = 16 × 10 3 particles with Brownian initial conditions for the velocities. For q ranging from zero to one a plateau is observed up to separations of the order l ≈ 10 −4 . The value of the scaling exponent τ (q) on the plateau is linear in q. The slope as determined by numerical fit is one, within the errors. For q larger than three halves spurious effects prevent a reliable measurement of the scaling exponents. The plateaux observed in the range [1, 1.5] are consistent with that the function τ (q) vs. q does not saturate at q = 1, in contrast to what happens in the adhesion model. Figure 12 : Mass density distribution in octaves for Brownian initial velocities at the last two observed stages of evolution of the system. The total density is normalized to one. The bin-length is given relative to the size of the mesh of the initial conditions.. An uniform density would correspond to a single column localized respectively in the intervals ]256, 512] and ]32, 64] for bin lengths ∆g = 0.00195 and ∆g = 0.015625. In the first case finite size effects are seen. Figure 13 : Mass density distribution in octaves for HZ initial velocities at time t = 0.065 and N = 16 × 10 3 particles. mass density in the universe. We observed that this background, although somewhat trivial, changes the properties of the solutions qualitatively. The support of mass density in phase-space does not show the characteristic spiral structures of the solutions to the Jeans-Vlasov-Poisson equations without a background, but is more similar to Burgers' dynamics.
We looked at the distribution of the inter-particles distances (PDF). In the case of Gaussian random velocity field with Hurst exponent less than one half (HZ and white noise), we observed a pure exponential decay of the PDF, while the Brownian case leads, for large intrinsic times, to an intermediate tail of PDF, the decay of which is approximately stretched exponential with power one half. We also investigated the mass distribution. The local scaling exponent τ (q) seems to undergo a "phase transition" as happens also in Burger dynamics [2] . The numerical results in the high-q regime. i.e. the small-scale structure inside what on large scales can be assimilated to shocks, are however not conclusive. We additionally characterized the mass distribution by the mass-octave functions (MOF), which gives more robust, if perhaps a little indirect and unfamiliar, evidence of a bifractal behavior of the mass density.
Summing up, we have shown that one-dimensional self-gravitating dynamics can be investigated quantitatively in systems with a large scaling range in the initial conditions. Nevertheless, the problem remains computationally more demanding than e.g. Burgers' equation, and our results on the fractal properties of the mass distribution are not conclusive. An improved numerical procedure has been proposed by A. Noullez [17] , which would allow us to significantly enhance the resolution and the statistics. Results of this second stage of the investigation will be presented in a forthcoming separate contribution [1] . 
